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I. Introduction

This final report is prepared according to the guidelines

described in RDRD-CS Form 18 (2 July 1973). A number of reprints

of published work have already been submitted and all others will

be forwarded as soon as they become available. A listing of all

publications and abstracts derived fror:, work supported bN tie

ARO contracts is presented in Section III of this report. Since

all technical data will be presented as published works, the

substance of this final report is presented as the overall summary

described in Section I1.
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II. Summary of Research - Covering Period of July 1, 1974 June 30, 1977.

1. General procedures.

The transcription of certain inducible enzyme systams in

Escherichia coli does not occur unless the promoter sit.,s for these

operons are activated by a protein - the catabolite repression protein

(CRP) - which must be allosterically modified to its active, binding

conformation by a low molecular weight cyclic aucleotide identified as

cyclic AMP (cAMP). This regulatory phenomenon is knowu as .atabolite

repression (CR) and involves synthesis of transport. proteins and

dissimila;tory enzymes thaL are utilized in the catabolism of sub•trates

such as lactose, glycerol, -he pentoses, and many others, The specific

inducers for uach of Uhese operons (e.g., w-galactosidcs for lattoso

dissimilation, etc.) and the cANP-CRP complex muSt be similtaneous'y

availablu if transcription is to be initiated. When cells susceptible

to CiR are grown onl other substrates such as glucose, gluconate,

or glucose-6-phiosphate their production of cAMP is inhibited resulting

in lowered eA•l'-Cit' leeis Mit• a consuquent repression of those

transcriptions requiring dctivatioll by this cowjple.X. In other words,

the aeounL of c.QXP produced undur these growth conditions is insuff-

icient to produce the cAMP-CRIP cunformation 11eeded to allow certain

operona to be t iancr ibed. Other catabolite repressible operons,

however, .ppart4toLly continue to be transcribed utntI the Itntracellular

cAQP pool is lowerud even urther as ocenkrs it% muutant strains in"

which adelylate cycliktt is nut sytt.ezed. .4ut.Ita unable to

sylttiesize tho CUP proteill (erm Mutalitt) are a•so unable to ayuthesaie

ca~abolite repressible |)t)LeotS. j



In wild type cells CR can be overcome by adding exogcnous cAMP

to the culture medium containing the repressor substrates. !n cyn

mutants, exogenous cAMP must be added to the culture medium in4 order

for the cells to synthesize the catabolite repressible proteins, and

in crp mutants these proteins arv not synthesized regardless of

availability of cAMP. In studying systems suspected of vequiring

the cAMP-CRP complex it IL necessary to use these two mutant strairns

in addition to the wild type, parencai cells. This was done in the

research summarized here. The objective of these studies was to

determine the extent to which the membrane functions oi t. coli,

particularly those involving transport activities, were ry'.ulatud by

the cAMP-CRP regulatorv system. Although these studios are Aar from

complete excellent progress was made and a cohesive body of Met

information was gentrated during the period coverud by this cuntract.

If all manuscripts yet outstanding are completed and accepted for

publication within the next fEw months, a total of 11 papers and 4

abstracts of papers presented at the national meetings of the Americat

Society for Microbiology will have been generated as a result of thin

contract.

2. Trnpr fguoi--.~p~t.Trans,)ort IprotelIls

involved in metabolism of substratou such as glp.cerul, atcttse, and

the pwtituses are syntiesiL-ed undor 6'AMP-CIW rtlgal4,LC.t, WOe have

established that the lreuose phusphatt. tvrtsp&,rt (MIT) I•LsLeui used for

glueob. -6-ptalsphAte (GOP) uvtaku is also regul.ted in this fashion

(2,9). We deworastratud that there was oily oiea MIUT systvm in 1. co1l

cells - a poiln ot ,4tfluf10ion based oof e.t licto U•Leratur'e, .r1d that

.t



prior confusion concerning thc apparent Km for G6P transport

could be attributed to the fact that different researchers used

different concentrations of phosphate in their uptake assay sysLemos.

We showed that the Km for G6P uptake increased lir.earl-y wit the

increase of phosphate. Also, we (x:,:'onsvcated that it was critical

to purify commercial radioactivt GUP before use in transport studies.

Other workers have apparently not done so resulting in some misleading

information in the literature.

3. Role of cAMP-CRP in the, PTS. While it was not FurprisinA

that synthesis of the MIPT required cAMP-CRP, we were sur1 'rlstd to

discover that the phosphoenolpyruvace: phosphotransicrase system

(PTS) was alio under this control. a and c•r mutants were fouad to

be unable to synthesize the high affinity (Km ca 10 um) transport

system for glucoso (2,4,5). Cv" cells synthesized this latter system,

only if ecMPA ws added to the growth medium; qjrp mutants were unable

to synthtesiae this system tund•e" any circumstance. This findi• g rait.tJ

questions concerning# the nature of the regul,•tory iltt'ervitmutt Li•at

exist between the i'TS aud the cAMP-CHt' systeme 10 thee b¢;cterla.

Others had already shown that the PTS inhibited etkIP sy:ithesit by

controlling adoeylate cyclase activity. Our dota suggest this

regulatiotn is cyclic in onature vithi cANP-CRI' required for thO cells to

synlthesIze fattors III and I1 b whitch are believed tt be the

tuompotetts ullique, to Lile hIgh aft titL' PITS'

4. CoqstrtiChttotil 0of )TS atnd c4XII-CRI' double mttta t,. We have

proposed that if the cyclic nature of this interaction is to be under-

stood at the echanistic level it will be necessary to analyze mutant

J
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strains that lack components of the PTS and the cAMP-CRP systems.

In this connection we undertook construction of mutants lacking both

systems. For this purpose, Salmonella typhimurium strains having

well characterized single and extended de'letions of the PTS were

used along with strains of this orgznasrs ,,iiuLated in the •va or cro

genes. Through appropriate transduction exporit..ants we were able to

construct strains having the following genotyps: pts I 'ya,

pts I V crp, pts H cya, pts H erp, L lcrr.cw:, Cas. A.'c,
pts HI V cp, pts HI err V cya. These "double" mutmts have now betn

well characterized and studied with aesprct to rneir ability to

synthesize the anaerobic, inducible biodegradative threonine deaminase

(14). These studies are still incomplete and must include assays

for cAMP production and L-threonine transport capacities in all

strains. To date, howevetr, our data with these "double aunt~ms"

indicate that the t ii and nts.i gune products somehow represL the

organism's ability to synthesize the bioderadative throonile

deaminase watch ±s regulated by the cIVP-CRP vomplex. We aitVcipao

that valuable inforcation will be obtained when those new "double"

mttoants are examined in further detail.

5 t StudIe onil 11mtbtubaj t1 't tts Trauiqwptof 14 ubstrates

Sacross the bacterial mawbraue tbugt be studA;ed i, .i 'rm of lth enevrg'tI

Involved in the process. in lthe caise df P'S S•ib4LrVaLO tiw mt'ehanist

of transport is vectorial pjtotphory lit toltl ;n w• ich thnsphs'oIpyruvato

(PEP) is the eiergy donor. 'raubporL vi ohtir i;ubstrates such Ia a

mothiOlnic Or? AImILMIit0 ultlie ANO directly lit 4o% f U•Utni. 'lio

majority ot 'ubttrotou tr.io.•pnn'ed undt, 1V oero•hi- conditio.tA Vilter thei.

cells ttilIziua .1 l(oLottl mu" Ž4Lit.. . il + and ioni.

. '- .: v • .j



gradients established across zhe membrane during ex. rgonic

dissimilations. Specific symport proteins (translocators) transport

the substrates into the cells as energized by the PMF. The forilutioa

of this PMF is also believed responsible for synthesis o0 -Itra-

cellular ATP via the oxidative phos~horylation coupling c,. o_.le-tron

transfer to the ATPase reaction: Pi + ADP + ATP.

Our studies have shown that cAMP-CRP regulation plays zn

important role in these PMF-asscciated mn,:orane functioi., in E. ¢oI..

We have established that this complex if needed for 1) nor.al

synthesis of the organism's cytochrome system 0,5), 2) formation

of the primary dehydrogenases: NADH dehydrogenase, D-iactaco

dehydrogenase, and succinate dehydrogenase, 3) reduction of 0, by

the 0bstraLes: NADII, I)-lacLate, and suceinate, 4) fortuttioll of thc

02- tliked transhydrogL a-se and 5) synthhusi of Lhe f lav4. ekf a,- I.:

W,'.% and PAD (7). FAD levels in UVkI and cj_) Mutant Ci018, for e

were only 1o0 of wild-type levels (7). The ntiaphtoquinonu 1evek in

these cells see" utnaffected by these mutations. From these dOttA wj

coucluded that thto mijor componnts of the V. -oli electron tras t

siystoe are regulated by cAMP-CRP.

. Cotithituing (i&olg thvse lfiet. we we ivr the~t alo able to show

"that this egulatLry i.lowpliox uias very. roach .1avoi -. ,d in tht- abliLtv
of L. ~olt to goerate a iMV from I-t:Ltv ittd to use this I't4e t o

A- iP syiithtsi. ATie toia¢Itotth "to beetwed uitvifeeted by

this complex. When the artifiCi.lai etuery suorae -phelo,+e

?. iralthodulfate-aserobate - was Wed to CteIrgizad the |NF instead of

•-lactatu, toev An.•.! d !r r mutant ol sW•e w ut.i d tU bc totally

))-la~tite Lh..vd .
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unable to form a wild-type PMF or generac~e ATP syntht-,sis fcom

this substrate. These findings have important anid far rec~n

implications concerning bacterial membrane energtties. Muchi work

yet remains to be done in this area although we can now safely

conclude that the cAMP-CRP complex is intimately involved iL.

regulating membran~e bioeaergetics (7).

6. Role of ctOMP-CRP in constructi.on and ftv.icti~o. cvý Ch

E. coil ou~et membran-e and periplasmic 2ro~eirr, ~~ Lv

discussed transport and energetic functions aire beliCVA L.O be

associated primarily with the inner membrane - that is with the

cytoplasmic membrane of the Gram negative env'eloipv which ine'ludfis

an outer unit mambrant. as wtll as ati intitr memnb4&.i. Having sho~wn

that cANP-CR? regulates inner membranie activities we sought. to

determine U -it wab Al.,o involved in r,.-,ulattn~ pti~iplasmic ina%)

outer uwmbrane proteins as well. To answ~r rhs ý.uattion wt,

analyzed some t) the enaymes of the pripjataiit region And the

protetu,; of thw outetr rembr~aou by SDS-gul eietrphoresia.

Paretal nd Iu~an cels were -u4jocwti tv wild onrotwie Ite

sufficienit to eoLract periplasmiic pr~u aa deocribe in cae

literature. I'eriplasmic acid and alkLin pihosh.ase but naL cydaio.

phusphodleateras were utid to be reduLced by dpI)r m4iULCt SOZ by

the L.'i ,ind crM ttrainui. Uhi4 diata --hwett that this portlot *of Ithe

outer Mit~pallet IsrOeein ~ts't',etd 1-,y the Shn~tt~w pv di and~

separatod by iiharya~ve~~L Itssl wid that this revi'ii

Was also undsir W41, (CtW L so Ii~:i'v. w. ~a



absent in the mutant cells. This prot.Ain has now been identifit-d

as the T6 phage binding protein (3,12,13). During the ~.curse of

these studies a novel technique was discovered for isolatiaig the

T 6 binding funding protein from outer membrane preparatioas (11).

In this procedure a kiownconcentration of I, phg i *meddfed in'

the loading gel region of ti.w. acrylamide gel iý-d the ý)utzi meimbrine

sample added in the usual maxiaer. After elec-lrjphores4.9 it can be

shown that all proteins mlrate through the gel except th.d V6'.id

protein. The latter c;.n be r~trived frome the )huge sub"'Iu~tgat by

increasing the oeletrophoret-,c current.

It has Ween reported by ot.hers uiaL the T bitidliý. prateluif!

also the coliciti K binding sitQ, utid ý'c~at this site W4~ 6ime *v o

regulator function in cumtelm. urane ATP synthesi vii. 4elwr,

transport activitiu4. All PCta&!, i~,, LO bL- il-,1aed by CAA1.Y-

CRP havu somo-i.vivoemownit iv Cie or?.4ni'r's, carboii and quorgyv

etatbolitsm. Thj T- biaking pre-tein. "emvi to be an exeenjlv te-

this r%%W. Ho.ie;vr, Itit itt itdoo *wtvolve tI vu* ~ I *h*f

functi.jni this pfncip~l tstill holds. V. ate tblugAl inw e~sLt.' t'

aryn~out iuttiker worK wilLi thist jiu,.,0'ulat outtr iwmbra~to Pr~t

7.VAtL ALI -t , d onveot tn~It Y ttty i.~ d

an~alye shuoCuti.C 041 c~itt. Lude M.LeLA-mi ';twve en btnof

play so=e rolve ill tCte o a' e.A~ L



8. Geneti." 6,_,-pression of the cAMP requirer.enc. During out

work with • r.ritm (E. coli strain C-57 in particular) it wa&

observed that the,: tended to be unstable. We discovered that this

instability was not the result of reversion back to the wiid-type

state, tiut rather, Lu the emergence of a new typu of muzation.

This new mutation was subsequently found co be a suppressor mutation

for the cAt!? requir--ment in this organism. Thcý"e mutants have now

been obtained froma all cya strains available irciuding a

detection strain. They all retain the cva character but. regain

wild-type ability to grow on all substrates without need for

endogenously produced or exogenously adued cAMP. Not only do they

no longer need cAMP, they are in fact inhibited by even low

concentration of cAIMP during growth cn cerran substrates. This

inhibition was found to be the result of the following sequence of

events: I) in the presence of cAMP tha suppressor mutarits synthesizz.

"higher than wild-type levels of certain transporL systems (e.g.,

xylose or a-galactoside transport); 2) high uptake rates increase the

intracellular catabolite pools, including presumably dehydroxyaceoioue

phosphate (DWHAP), which is normally produced ia only small amvurn"

and which is the substrate for taethylglyoxal (MG) synthatu; ;) MG

synthase levels increase approximately 2-5 fold during growth in the

"presence of cAMP, but tho levels of MG dissimilatixg enzymes,

glyoxalase I and D-lactate kenycrogenase, do not vary from wild-type

levels. As a result of these cAMP-induced chsn•aas in these celis MG

accumulate& to a level of ý,pproximately 0.40 mM which is •oxic to the

calls and further g:owth ceases (10),4

~1S1 ALL
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These suppressor mutants, designated csm mutations ~cAP -ýuppre,-;.v.r

mutations) have been studied genetically and foundi to o~ccir 1i7 the

crp region (8). It is thus proposed that the csm mutatioa cau~ses

synthesis of an altered CRP which func,ý:ons in promoting initiaL ion

without modification by cAMP. We are currently attempting to analyze

the CRP from these suppressor strains and chatacter-ze the changes

brought about by the suppresior mutation.

9. Transport studies using the csm mutant.-,. Th.ý -sm mutants.

have a number of altered transport properties thnit &re interesting

and currently under investigation. Another intereatinf,; property

which is perhaps related to transport activities is thý.ir a~iiity to

show a typical catabolite repression response to ý-galactosidase

synthesis despite the fact that they lack adenyl,,te cyclase actlvit",.

Inhibition of the latter is thought to be the b4ýiis for Llit', ci.cý

repression. One can induce Ii~gh rates of B-ga la,: osidase snLaiu~s~

in the csm mutants and then rpress this synt,,.sis by addition of

glucose. This repression in turn can be comolecoly overturned by

addition of cAMP. Since adenylace cyclase cant L be involved, this

phenomenon is not true catblt rseeson~ or the genei Al

accepted mechanism explaining catdlboli te represt.ion V,' in%=orect.

Work along these lines is also contitiuing.

10. Progr reume. la my oplaton the .iw.~~uctd ne

this contract wis exceedingly productivu. CLhar iiiaight.9 were

developed as to the rale of cAMP-CRPI as a regu. ltor of key membrane

activ-'t.eti in I.% kdelt. Ma~jor transport and biaei.ergetic func±tions

of the E. 1-11 nivtirzane system~ are regulateL! by this ý:omplex at the



* *-' irr'.'•:--w..- 9.- ; ,rr., ,r(P' ,--....,,..... ... .r , ...

genetic level. These studies were also productive in raising

new issues and questions that allow us to probe deepe-r into' thc•

intricate biochemical processes that reside in biomembran.-'- and

which are of extreme importance to cell .rovth and survival.

!t
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